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INERTIA OF LOUDNESS MEASUREMENT IN RELATION TO SOUND LEVEL

H. NieSé
Institute for Electrical and Architectural Acoustics,
Dresden Engineering College

"l;‘ilnfroéﬁcéieﬁ VAR

In designing objéctivé,10udnesS‘level'meters,'the inertia
~given to the indicator system is of great importance. In order
that even brief noilses or noise forms, composed of periodically
recurring, brief, single pulses, furnish readings consistent with
what is heard, the inertia of the measuring apparatus must be
modeled on the inertia of the sense of hearing.

A short sound pulse with certain physical parameters of
~duration and amplitude generates a certain sensation of loudness.
It has been known for a long time that the perceived loudness
preoduced by a sound pulse of constant amplitude depends on the
duration of the pulse. This effect can be attributed to the
evident lnertia oflthe sense of hearing. An electrical measuring
system without inertia would always register the peak value,
independently of the duration of the sound pulse. However, if
the system has a very great lnertia, the final reading would be
attained only for relatively protracted sounds, while short
sound pulses would not set the system in motion at all, and thus
would not produce any reading. Inasmuch as the short sound event
was audible, and thus had a certain loudness level, a measuring
deviceiis expected to indicate thils loudness level in agreement
with the subjective perception. This problem is important in
loudness measurements not oniy for slngle, brief sound events,
but in fact for all nolse forms which have a time-varying envelope
curve. In particular, this includes all noises contalning acoustic
pressure peaks, either perlodically repeatied or statistically

. *Numbers in the margin indicate pagination in the'feréign text.



distributed. Such nolses are very common in practical loudness

level measurements, and are produced wherever machine parts are

moving rhythmically, such as 1in internal-combustion engines,
compressed alr hammers, typewriters, punches, etec. /144

The importance of thls group of problems is known to every
acoustic engineer. There are different views only on the magni-
tude of the Inertia to be incorporated in the electrical measuring
system. For iInstance, DIN [Deutsche Industrie-Norm; German
Industrial Standard] provisions [2] specify that the reading shall
have a certain inertial property in the standard German loudness
level meter (the DIN loudness level meter), a property based on
the studies of v. Bekesy [1]. Namely, a sound pulse of a certain
duration must deliver a certain fraction of the final deflection
produced by a steady tone of the same amplitude. Recently, wéll-
founded doubts have been raised about the correctness of this
requlrement, since 1t has been repeatedly found that the readings
obtained with this device from "peak-contalning®™ noises were too
small iIn comparison with the subJective judgement. Quietzsch [3]
and Niese [4], by having a large number of subjects judge a
serles of practical nolses as to loudness, were able to show that
the DIN loudness level meter gave readings which were too small
by up to 20 phon and more when compared with mean subjective
Judgements. Obviously, the inertia chosen for this device is
too large. As a result of thils experlence, a number of acoustic
englineers have abandoned "inertial" sound intensity meters, and
employed pure peak-value meters, because they provide "more
accurate" readings. Uslng pure peak-acoustic-pressure meters
certainly does not seolve the problem. A simple experiment
Immediately shows that, apart from the peak acoustic pressure,
the duration Qf a, sound pulSE‘alSO influences the sound intensity,
If one 1istené\to,single'sound.pulsesiof constant amplitudenof
steadily~decréasing”duration,.a marked delcrease in loudness is



noted. = This observation shows that there is névértheless a
¢clear inertial effect in the hearing mechanism.

In using this Inertial property as a model for loudneishuilevely
meters, the acoustlc engineer does not care where the lnertial
propefty acts in the ear, or what 1ts components are. He views
the hearing organ as a cdosed system with the prevdiling physical
acoustic pressure as input and the subjective perceived loudness
as output. The relationship between input and output can be
discovered through appropriately chosen subjective loudness
studies. For instance, by comparing sound intensities of short
tones, Niese [5] found a time constant of about 23 msec for
acoustic power, which describes the inertial property of the
hearing sensation in good approximation. The value of 23 msec
for the time constant of the inertial system transmitting the
sound signals characterizes a lesser ilnertia than required in the
DIN loudness level meter, so that incorporating this inertial
property in loudness level meters can be expected to yield readings
in better agreement with subjective judgements. Niese has carried
out studies on this point with defined noise forms with a time-
varying envelope for the time function, such as sinusoldally,
rectangularly, and pulse-modulated tones [6].and nolses with a
primary tone and superimposed pulses [7]; these studies have shown
that good agreement with subjective judgements of loudness can be
achieved with thls inertial property. Good results were also
obtalned from measurements of a large number of practical noises
[4] with a loudness level meter designed on this principle and
from simultaneousisubJective loudness judgements.

Since measurements of the inertla of hearing and studies on
the fitness of the lnertial representation have always been con-
ducted with easily comparable, mean acoustic pressure levels
betWéen'SO”and'8U_dB,,there'arisesithé‘queStion of how the inertia



of hearing depends on thls level. In order fo fill this gap in
knowledge for the region of practical interest, a #fimber of
measurements are described in this article, deslgned first to
verify previous filgures on this inertia, and second, to shed
light on the level-dependence of the time constant of the ear.

" 2. The Measuring Procedure

In order to determine the time constant of an inertial
system, a step function is applied to the Input of the system, and
the resulting . rise process is observed at the output terminals.
From the form of the output as a functiion of time, the inertial
property of the system can be determined. By analogy, the
hearing organ 1s considered as a closed system, and the atfempt
is made to determine by experiment the form of the output result-
ing from a sudden stimulus at the input. In this case, the
input stimulus is one of the physical parameters of the sound
field, and the output 1is characterized by the perceived loudness.
Unfortunately, it is not possible to fix the relaticnship between
stimulus and sensation in the hearing organ, since no subjJect
has the ability to make a definite statement on the form of
the perceived loudness rise resulting from a sudden sound stimulus.

Bekesy [1] solved this problem by having his subjects listen
to short tones of wvariable duration, and adjust the loudness of a
steady tone untll 1t was equal to that of the short tone of a par-
ticular duration. From the amplitude of the adjusted loudness of
the steady tone, the loudness level of the short tone can be
deduced, which provides one measured point,for that specific dura-
tion of the short tone. PRlotting the measurements against the
duration furnishes a curve of loudness vs. time for a suddenly
sounded tone. l

Niésé'[53,attemptéd to repeat:Bekésy*s.pnocédﬁré.‘ HoWevér,
In the course of preliminary experiments, it was found that the



Judgements were so scattered that he did not dare averaging them.
Obviously, 1t 1is ?ery difficult te compare the loudness of two
tones df different durations. The short tone, presented as a
click, produces a completely different type of sensatlon from
that of the steady tone, so that'thé measurement becomes a
purely subjective matter for the fest subJect. In many cases,
the subjects were hesitant, and finally gave judgements which
fluctuated widely when the measurements were repeated.

In order to free the measuringoprocedure from these
Inadequacles, Niese [5] employed a procedure In whlch the subjects
had to adjust the loudness of two preséﬂted’shdrt tones until
they were equal. The short tones were presented in alternation
in a sdow periodic sequence. One of the short tones was always
of constant duration, and 1its intensity could be controlled by
the subject. The other short tone was presented with constant
Intensity, and 1ts duration was varled from one serles of experis /145
ments to the next. Measurements were taken with three different
frequencies for the sinusoidal short tones. It was found that the
measured values were independent of the frequency émployed. The
regularity of the loudness rise could be derived from the ratios
of the intensities chosen by the subject to produce equal loudness.
The resulting curve was best described when a time constant of
23 msec was employed for the lnertlal property of hearing, using
acoustic intensity or acoustic power as the input quantity.

The inertia of hearing found in this way was smaller than that
~given previocusly by Bekesy {1]. Proebably, with the prolonged com-
parisen toenes used by Bekesy, fatigue and adaptation of the ear
played a role and thus led te other results.

In the experiments described heré; an even more refined
méasﬁrémént method is utlilized, in order to.eiclude'any possible
systematic errors in judgement andutoAfﬁrthEP‘depréSS'the scatter-
ing of the judgements. To prevént ear fatigué; sinusoidal short



tones were again selected for the subjective hearing comparilson.
The procedure of determining the rise funttlion from the ratios of
the adjusted short-tone intensities was also retained. There
might st1ll be systematic errors in judgement and relatively
scattered Judgéments due to the variation in the ratio of the
durations of the short tones presented. In order to eliminate
this possible influence, the duration of the comparison short tone
was varied in these measurements, and always selected so that in
every seriles of experiments, the subJeCt always had to compare a

1
pair of short tones with a dugatien ratlo of 1:2.

It also appeared possible that loudness judgements could be
systematically influenced by the different spectra resulting from
the differing durations of the short tones,isdince Feldtkeller
and Zwicker [8] have shown that the width of noise spectra exerts
a substantlal Influence on the loudness perception. They
fou. ' that the entire audible frequency range could be divided up
into 24 subregions of specific bandwidth, within which the per-
celved loudness 1is independent of the width of the spectrum.

These spectral subregions develop within the hearing organ for

the perception of loudness, and, within a narrow.range, have
variable central fregquencles. Sihce no statement can vet be made
lan article published in the interim by E. Port (Frequenz, Vol. 13,
No. 8, p. 242) shows that, in his measurements ,tbedetermine the
time constant of the ear, which were taken in a similar manner,

the scattering of the measurements was greater when the durations
of the tones to be compared were very different. On the other
hand, the scatfering of the measurements was glsc astonishingly
small In his experiments when the durations were about egual.
Obviously it is even simpler, as indlcated by experience in sub-
Jective studies, to compare two short tones of roughly equal dura-
tion and equal frequency with each other, than to compare steady
notses of very different frequency centent. The measuring method
employed here, by choosing a constant tone-duration ratée of 1:2,
avoids the causes of inaccuracy established by Port in his studies.
Nevertheless, the results obtalned by Port agree wilth those pre-
sented 1In thils report withlin the expected limits of accuracy, and
can be viewed as conflrmation.




on the formation time of the subreglons determined for steady
excitations, and since the formation time may be related to the
inertiaiunder investigation, the spectral widths employed for
the measurements with sinusoidal short tones were held almost

entirely within the given subregions as a precaution.
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Fig. 1. Block dlagram of the
clrcult for loudness-cemparlson
measurements.

Key: a. Tone generatorn
b Osc1llograph

" One~third octave filter.

Figure 1 shows a block
diagram of the measurement
apparatus. A tone generator
feeds twe voltage dividers.
The setting of one of the
voltage dividers was fixed
by the person running the
experiment for each series of
measurements. The other
voltage divider was given to
the subject. The sinusoildal
short tones were generated

" with the aid of a mechanical
L control mechanism. At the

edge of a rotating disc driven

| by a motor with controlled

rate of revolution, the con-
tact banks designated a ardnb
in Fig. 1 were situated. The
disc had replaceable cams of
various lengths, and as it
rotated, it actuated the con-
tacts, so that short tones in
the prescribed rhythm were fed

tao the attached one-~third

octéveffilter.‘ For impedance
matching at the filter, there

was a subsequent transformer with the widest possible linear

frequency response, and this transformer In turn fed moving-coil



headphones. The hooked-up oscillograph served to check the short
tones generatéd.

Since it had been found in earlier measurements [5] that the
Inertia of the ear was virtually independent of the chosen fre-
quency of the measuring tones, these studies to determine the
level-dependence of hearing inertia were conducted only with /146
sinusotdal short &tones of 1000 Hz frequency. The headphones
employed were calibrated by subjective comparison with a plane
wave,nand voltages were applied which corresponded to loudness
levels of 30, 50, 70, and 90 dB for the steady tone. In every
revolution of the disec in the control mechanism, the contact bank
a is actuated once and then, after a half revolution, the contact
bank b. The rate of revolution of the disc is regulated so that
there is a short tone after each 0.5 sec. The duration of
contact at a and b can be chosen by exchanging the cam, always in
the ratlo of roughly 1:2. The short tones last for 200, 100,

50, 20, 10, and 5 msec in the various:tests. The preclse duration
of contact is determined with the ald of a mierochronometer; they
deviate only slightly from the intended times. These deviations
are taken into account in evaluating the measurements. Figure 2
shows a segment of the generated sequence of short tones. The
contact times Tl and T2 were fixed for each series of experiments,
and one of the two voltages u; Oor u, was also adjusted &n line
with the desired level. The magnitude of the other voltage could
be varied by the subject.

To prevent any spectral Influence on the measurements, the
short tones were fed to the headphones threugh a one-thlrd octawe
. filter. This filter suppresses all escillatloens resulting from
the "on" and "“eff" swltching process, and lying outside the one-
third octave around the Centraljfreqﬁéncykof 1000 Hz. This
. guaranteed that'only*a narrow,fréqUency range WOuld‘générate,a
response in the ear. Cutting off the high-frequency component
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Flg. 2. Schematic of a pailr of short
tones from the sequence presented for

subjective loudness comparison.

T =10 ms R P T

T= 50 15

Flg. 3. Oscillogram of the short
tones with various tone durations
for subjective loudness comparison.
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inévitaqu brings about

a rather "soft" switching
proceSS'by smoothing out
the sides of the voltage
curves. Figure 3 shows
oscillograms of some of
the time functlions of the
short tones presented to
the subjects. The smooth-
ing of the "on" and "off"
slopes can be clearly
recognized; 1t extends
over about three oscilla-
tions, independent of the
duration of the short
tone. Hence, the mean
short-tone duration is
prreserved, due to the
uniformity of the smooth-
ing effect, although the

"overall process is some-

what strelched out.
Since the shortest duration
was about 5 msec, the short
tone thus cohtalned five

complete 1000-Hz oscillations, and since the high switching fre-
gquencies were not transmlitted to te the band limitation, the
arbitrary switching-on phases of the shert tenes were ilnaudible,
go that the same note was always produced.

Since, for short sound signals;ythé perceived loudness is
directly related to the energy of the sound signal [5, 11] it 1is
- of particular interest to determine the energy loss experienced

by the shortest tones due toe the band limitation. The spectral

DT



power density of the unfiltered short tone with the employed
duration of 5.8 msec was calculated and compared with that of the
filtered short tone. This comparison showed that only the low-
energy secondary maxima In the spectral representation were
suppressed by the filter, so that there is only a negligible
energy loss in the graphic integration of the two gspectra. For
the longer short tones, this energy loss disappears completely

as the effective duration is increased.

For every series of tests, tén subjects participated suc-
cessively in the subjective measurements. To shield the subject
from any environmental influences, he was seated 1In a special room,
separated from the director of the experiment and the measuring
apparatus. Apart from the headphones, he was provided with only
a continuously variable control, which did not exhibif any clues
as to the control setting. The subject was told to first discover
which of the two short tones presented in alternation was con-
trollable, by setting the control to extreme positions, in order
then to adjust the control until the two short tones gave the same
impression of loudness. The participants 1n the experiments were
mostlyaSsistanfgbt the Institute and between 20 and 30 in age.
Since they héd participated in similar 10udneSs—comparison tests,
they could be considered experienced. Some other subjects were
also employed who had never taken Hpart in hearing comparisons,
in order to see if they showed other inclinations in making the
equal-loudness adjustments. No differences in judgement were
ascertained from the results of measurements for thesé two groups.

In every sénkes of tests, the short-tone durations were held
constant.. Each,suhiedt made the equal-loudness adjustment for
the loudness: levels 30, 50, 70, and 90 dB in successlon. A sub- /147
jectivéfeffect'wasnfqund, namely that théladjustable'éound was
_genérallymset'higherg. Bedausé of thls, in a second run, the
other short tone was made'adjustahlé; This wasnachiévédlsimply

10



by interchanging the feed lmnes,LSée.Fig. 1).leadifig to the
contact banks a and b. Thus, each subject delivered two verdlcts
for the same measurement, so that 20 judgements could be evaluated
to establish one measured point. In order to obtaln information
about the mechanics of the ear, 1f possible, and perhaps to
pinpoint the site of the inertlal property, single-ear measurements
were conducted at 50 dB. Loudness was compared in listening wilth
first one ear and then the other. In additlon, the controllable
short tone was also interchanged in these single-ear measurements
as well, so that 40 judgements were avallable to establish one
measured peaint.

In each further serles of measurements, the short tone dura-
tions were chosen differently, where the ratic of roughly 1:2 for
the short tones to be compared was retained. The short tone
durations 5-10 msec; 10-20 msec; 20-~50 msec; 50-100 msec; and
100-200 msec were employed for the hearing comparisons. No times
longer than 200 msec were employed because, according to the
earlier measurements of Bekesy [1] as well, tones of such dura-
tion already glve the same impression of loudness as steady tones
of the same amplitude. In this case, since the repetition fre-
gquency was 1 Hz for the pair of tones, therecwas a 350-msec
pause between the short tones. In the light of the rise process
and from direct measurements of the decay process of the loudness
perception made by Steudel [9], this recovery time for the ear
appears sufficient, so that we did not have to fear that the
perception of a short tone would be affected by the one preceding.
The shortest duratlon of a tone was limited by the response time
of the precedlng ene-third octave filter, and could be viewed as
just barely tolerable at 5 msec. Thus, doubling the duratien at
each step gave six measurement points:bétweéHTS and 200 msec to
characterize the rige In the loudness curve.

11
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. /_//"" .| illustrate the deter-
N minatlon of the loud-

j % [ ness-rise law from the

: voltage ratlios furnished

SO —_— - by the subjects to
- - equate loudness for the
AN S short ténes. The

Fig. 4. Schematic of percémﬁed ordinate 1s the effective

loudness of short ftones as a acoustic pressure, pro-

funection of duratien to illustrate . .

the analysis of the experlment. portional to the measuring
voltages. The horizontal

axils is the time scale. The subjective loudness perception of the
flrst tone (cf. Fig. 2) rlses as the duration of the tone increases
in accordance with some funetion ¢(t), and after an infinitely long
"on" time, reaches the limit glvenisby the acoustic pressure ﬁl = ﬁl'k.
The subjectlve loudness rise of the second comparlison short tone
obeys a proportional rise law, 1f 1t can be assumed that small
changes 1n level cause only small changes in the behavior of the
rise. However, if the first tone lasts onlymuntil time Tl, a
loddness is obtained at Point I which corresponds to the acoustic

~ pressure ﬁD,of an assoclated steady tone. The second short tone,
set to the same impression of loudness, and with the acoustic
pressure 52 = ﬁz-k and the !on" time T2 likewise Qorresponds at
Point II to the loudness of the steady-tone acoustic pressure ﬁD.
Thus we can equate the lcudnesses of the steady tone of acoustic
pressure ﬁD and the short tones of acoustlc pressures 51 and ﬁz
and durations T; and T, respectively{ so that the function ¢ (£)
describing the rise must satisfy:

> A "“"‘—;—T"f—é— "’ p‘r- ‘—:'" —
} P = et et &

Since the acoustlc pressures are proportienal to the measurement
voltages, we obtain the following equation for the ratio of the
values of the rise functlen at two different points:

E .

12
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For large values of T,, at which we can assume that the full loud-
ness Impression corresponding to the acoustic pressure ﬁg is
produced,i;the function ¢ (t) acquires the value 1. The time 200 msec
should be leng enough, so that the first function point ¢CT1) 1s
determined only by the ratlec of the adjusted voltages. The next
value of the function for Tl/2 i1s obtained from the adjusted
voltage ratioc when the durations Tl and T2 are halvéd, where now
¢(T2) in the determination equation must be set equal to the
previocusly found value for ¢(T1), as a result of the halving of
the durations. Continuing to halve the durations T1 and Tz, we
acquire a serles of measurement points for the loudriess-rise
function ¢(t), which, when multiplied by an acoustic pressure P,
yields its effectivecloudness as a function of effectlve duration
on the linear acoustic-pressure scale. Taking the logarithm of
the rise law found for each of the four levels, and simultaneously
normalizing with respect to the reference acoustic pressure ﬁo =

= 2-104'5 N/m2 in accordance with the definition of loudness:

S, 2 :pfif”j_
. L,_. 20,15‘“ Pl
we obtain the rise 1n perceived loudness as a function of the

effective durationwwith the sound level for the steady tone as

a parameter.

- 3. Results of the Measurements

The loudness judgements given by the subjects are treated by
the previously described procedure and presented in several
diagrams. Figure 5 shows the loudness level as a function of
the effective duration of a 1000-Hz sinusoidal tone for acoustic
levels of 30, 50, 7Q, and 90 dB for the sinusoldal tone.  Each
measurement point designated with a circle is the méan value -
calcﬁlated’from 20 judgements by ten different subjects. The

13
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- %] | mean value was computed as

. e e, e L the arithmetic mean of the /148
- SERPE SR e linear acoustic pressure

" 50 Pap— o 5048 or voltage values. If we

Lo ,,4w~j’""ﬂ”" reflect on the nature of

(m; ! approprlate averagling in

) P e e b I 3040 subjective loudness studies,

P st ,;‘) el we realize that 1t is the

sound-level wvalues which
Fig. 5. Subjectlve loudness of

short tones as function of dura%ian
tion with steady sound levels as approximate the laws of
parameter.

must be averaged to best

perception. However, if

x Single-ear measurements the judgements are very

& TInertia of readings in accors
dance with proposals for
psophometers [10] of averaging plays virtually

no role, so that we can dis-

cleose together, the type

pense with the conversion
in this case. For each point plotted, the standard deviatilon
calculated from the sum of the squares of the deviations from the
mean and the number of judgements is also entered. It can be seen
from the diagram that there is no conspicuous change in the rise of
the sound level between 30 and 90 dB for the steady tone. It can
also be seen that the effective durations must be quite small before
there 1s any detectable drop in loudness.

The points on the 50-dB curve alsoc marked with a cross reproduce
the single-ear measurements with 40 Judgements per point. It can
be seen from the positions of the polnts that the speed of the
perception reaction is independent of whether one or both ears are
used for listening.

At the T70-=dB level, as a comparilsocn, propesals for the DIN

psophemeter relatlve to dynamic indicatilen sensitiVlty are plotted
as trlangles. The proposals establish the indicated decreases in

14



the readings as the duratlon of a short-tone stimulus decreases.
The measurements furnished by the psophometer are Iintended more
for judging the annoyance causéd by a noilse. . There is no definite
relationshlp between loudness and discomfort, but short sound
pulses appear to be more bothersome than thelr loudness would
indicate. Judging from the measurements we have obtalned, this
proposal for the dynamic indicatlon sensitivity of the nolse meter
is not a fertunate one.

As for the design of objective loudness meters and psophometers,
the results of our measurements mean that for all sound signals
longer than abeut 50 msec, the inertial property must be gauged so
that the readling attains virtually the steady-~tone value. For a
duration of 5 msec, however, the reading must be about 6 dB lower
than the full value. Hence, a pure peak-value meter would give
readings which were 6 dB too large for sound pulses lasting only
5 msec. No proposal at all is made for the dynamle Indication
sensitivity of the DIN loudness meter in this range.

In order to see precisely whether there is any variation in
the loudness-rise law as sound level changes, the dimensionless
rise function ¢(t) is plotted linearly in Fig. é, independent of
sound level. As stated in the caption to the diagram, a special
symbol is used for each level. Including the spreads in Judgement
values would clutter up the dlagram too much, sc they are omitted.
The measurements corresponding to the various levels show that
there is no hint of any dependence on level. Instead, the measured
points for the individual level values have irregular positlons
from one time segment to the next, and their ranges of variatien
overlap. Since no aystématxc change@in the rise function can be
detected over awrange of acoustic pressures covering three orders
‘ef_magniﬁude;:eVen between the measurements for the:gréatést‘and'
the smallest sound lé#els3'it,can he assumed that this function is
valld far above 90 dB and below 30 dB. It could be that there
would be some other type of inertlal effect in the ear in the

15
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-«= Curve calculated with the .
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timesednstants T] = 15 msec
and T, = 30 msec.
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- vicinity of the audi-
. bility threshold or the

pain threshold. It 1s
nonetheless clear that
we only need to use a
single rise function for
loudness measurements

"in the practical sound-

level range.

The irregularity
of the relative positions
of the points associlated
with the various levels
and the overlappingmof
the ranges of variation
justify taking a mean
value from all measure-
ments fon each duration.
The rise function 1s then
cbtained wilth great
accuracy, since each over-
all mean value represents
120 individual judgements.
Figure 7 shows a diagram
deplicting the rise function
p(t) as a solid curve with
the overall mean values.

If we wlsh to com- /149
pare this rise function
With‘thé'régularity
previously found by Niese
[5], in which the hearing



organ is viewed as an energy storage unit wilth the time constant
Tg = 23 msec, the assoclated rise functiOn produced by a sudden
sound can be calculated from the differential equation

dp; SN ~
o= 10 P

in line with the energy storage concept. The differential equation
describes an inertial system, where the input pg{t) is proportional
to acoustic power and the output p% describes the loudness sensa-
fion expressed as the square of the [acoustlc pressure of the]
steady tone percelved to be equally loud. For a suddenly beginning
sound, the differential equation and the boundary condition p(t)} =
= p at t = 0 supply the solutlon

— e .f..

o=l 1= gy |

Substituting To = 23 msec, and calculating the square root -- the
rise function labeled ¢'(t) -- the "dot-dash" curve in Fig. 7 is
obtained. It does not agree absolutely with the measured rise
function, but the approximation is good. Obviously, all the

aspects of the inertial effect in the ear cannot be described by

one simple exponentlal function. However, considering the ear as a
simple inertial system,satisfies many of the requirements. For
instance, if the errors resulting from this model are estimated,

the deviatlons turn out to be on the order of about 1 dB. Moreover,
using the approximation ¢'(t) produces small positive errors for
durations over 25 msec; and small negative differences under 25 msec.
This tendency can already be seen 1n the earlier measurements of
Niese [5].

It 1s not surprising that the ear, with its completely differ-
ent type of hearingrmechanism‘remativezto,the inertia of loudness
perception, obeys quite different laws:sthan thdsé reflected by a
single time constant. Perhaps the inertial property of hearing is
composed of varlous partial Inertias. For instance, the potential.
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formation based on physical and chemical processes In response to
stimulation of the acoustic nerves will require time; the propaga-
tion speed of the signals 1in the nerve pathways will also play a
role; and finally, the production of the subJective impressiocn 1in
the central nervous system will be accompanied by inertial pro-
perties. Instead, 1t 1ls surprising thdt an inertial model with

a single time constant provides such a good approximation, so that
it can be assumed that an inertial effect corresponding to energy
storage plays the crucial role in the inertia of the hearing
mechanism.

Trying time constants other than t. = 23 msec in an effort to

better approximate the measured rise'fugction shows that just
changing it by x30%, which corresponds to values of about T = 15
msec, and T, = 30 msec, produces greater differences than the
description with Ty = 23 msec 1in the middle range of duratlons
between 10 and 50 msec. The rlse functions computed with Ty and To
are shown in Fig. 7 as broken lines. They de not intersect the
measured rise functlon, but rather lie completely above or below
the curve to be approximated. Nevertheless, the curve with Ty =

= 30 msec gives a somewhat better fit for durations above 50 msec,
and the descriptlon with Ty = 15 msece 1z somewhat better below

10 msec.

However, for simulating the inertial property of hearing in
cbJective loudness meters, using onlycone time constant Ty = 23 msec
appears most reasonable, both because 0f the small positive and
negative errors and because of the simple, electrical principle
involved in accomplishing it. As these studies show, the inertial
property of heafing is independent eof level over a wide range,
and, as Niese [5] found from measurenents with sinusoidal short
tones of varioua:fréquencies,_indepéndént;of‘freQuéncy as well.
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4. APplication to Objective Loudness Meters -

The rise process in loudness perception can ke described in
close approximatien by considering the ear as a simple, closed
inertial system with ainime'constant‘of fo'= 23'msec for acoustic
power. Steudel [9] studied the subjective decay process when a
tone is suddenly cut off and found that this process can be
described with a time constant T ¥ 50 msec for acoustic predssure,
independently of frequency. Retalning the assumption of a simple
inertial system, and studying the form of the decay process, the
above differential equation with the boundary conditions p(t) =
and ﬁD =P at t = 0 ylelds the solution:

PD—-PV "—-;u ¢ In N

Thus, for the acoustic pressure pD of the steady tone perceived as
equally loud, we obtaln an exponential drop with a time constant
of 21, = 46 msec. In view of the approximate agreement of this
constant with the one measured by Steudel, it seems permissible to
ascribe a certain general validity €¢ the model represented by the
differential equation.

On the basis of this model, Nlese [6, 7] calculated the loud-
ness of a number of well-defined acoustic processes with rather
rapidly fluctuating time functions, and then determined the loud-
ness from the judgements of a large number of subjects. Good
agreement was obtalned hetween computation and subjective measure-
ment, as long as the maximum of the computed time function for
loudness was taken as “loudness-determining." Encouraged by these
results, Niese [4] developed a loudness meter, which electrically
simulates thils lnertlal property. In.téSting on 21 different .
practical nolse forms, good agreement with subjective judgement
was obtained. '
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— obtained when, 1ln accordance

with the observed regularity,
Fig. 8. Schematic of required

functions in an cebjective the acoustic-pressure time
loudness meter for correctly (with
respect to hearing) evaluating the
influence of tlme variation of acoustic-power time curve,

nolses. and the latter travels
through an ilnertial system

curve is converted fto an

with time constant Ty = 23 msec. Finally, the peak value of the
new time function resulting from the passage through the inertial
system must be determined, and 1ts logarithm indicated by the meter.
Such a measuring system must therefore be designed as in Fig. 8.
The input, proportiocnal to acoustic pressure, first travels through
a unit (Q) with a quadratic characteristic, so that its output is

a time curve proportional to acoustic power. The following time-
constant unit LTO) filters out the higher frequencies within the.
envelope curve of the time function, and, depending on the rapidity
of the amplitude “fluctuations, distorts the envelope curve so that
a new output is obtained which, based on the same charglng and
discharge time constants, oscillates about the square of the
effective value. Next, a peak-value former (Sp) takes the peak
value of this new output, and a logarithmically calibrated
instrument gives the reading.

For example, the electrical measurement apparatus can be the
circult in Pig. 9a. Here, with the aid of a transformer, the
measurement voltage propertional to acoustic pressure is fled to a
full-wave rectifier with a quadratic cﬁrrent-voltage'characteristic.
The resulting voltage on the operatling resistance Ry is proportional
to acoustic poewer, and is applled tc thé_grid of an amplifiier tube
through the time-constant unit T, & Ry<C,. The amplified voltage
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is produced across the

cathode resistance Ry
of this tube. In
combination with the
charging capacitor

C1, and the discharge

resistance Ry, a diode
path in thils tube

system takes the peak
value. In accordance
with the mode of opera-
tion of this arrangement,

the peak-value former

has a small charging

time constant t,, ¥ Ry-CL,

which must be smaller

fhan Tos and a large
discharge time constant’
Tdis ~ (R + Re)'CLf
In the anode circuit of

Figi-9. Examples of electrical arranges

ments corresponding to Fig. 8. a subsequent tube, the

peak value can then be
displayed with the aid
of an Instrument, where a customary cilrecult arrangement can be
attached for cleosed-circuit current compensation. The scale of the
indicator instrument can either be logarithmically calibrated or,
by sultable grinding of the pole shoes of the magnet in the indicator
instrument, can be given a linear phon scale.

Figure 9h shows the princlple of another circalt using a
mixing hexocde. The‘grid&‘of the hexode system recelve the input
voltage in phase_0pposition. If the amplitude ratio of the
supply voltages3ahd fhe‘grid bias. Valtagés iS‘SuitablyhchOSén,
the resulting voltagé'on the cathndé'reSistance'RK is the square
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of the input.. The triode system is hooked up as a diode and takes

the peak value. If Cr, %< C, the time cOnstant~fd ~ Rg+C carries

out the inertlal weighting of the voltage proportional to acoustic
bower. C(Cp 1ls Included in the charging process through the open

dlode path and has the same voltage as the capacitor ¢. In the
discharging process of the capacitor C, the diode cuts out the /151
capacitor Cr, so that the latter can only discharge thrioughtthe
resistance R, with a large time constant. To measure the voltages

on Cp,astwinstridde is hooked up 1n a bridge circuit.

Compared to the circuit with dry-plate rectifiers (Fig. 9a),
this circuit arrangement has the advantages that there is no
temperature dependence and that the external resistance of the
supply voltage source can be chosen arbitrarily large without
worrying abodout characteristic curve shifts.

This arrangement is somewhat more elaborate than usual roat-
mean-square loudness level meters, bul it provides compensating
advantages in the selectlon of the quadratic rectification region.
Practical nolses can be very peaky, for example the noises of
internal-combustion engines, compressed-air hammers, typewriters,
automatdc punches, ete. With such noise forms, there is often a
difference of more than 20 dB between the peak value and the
root-mean-square value. If the root-mean-square value of such
noises is to be measured correctly, the peaks preéent must also be
amplified and squared without distortion, l.e. the amplifier and
the modulating capacity oftthe quadratic characteristic must be
aoverdesigned by at least 20 dB. This 1is not a great technical
problem for the alternating-current amplifier. However some
difficulties do arise in the squaring required for generating the '
rootrmeanwsquaﬁe value. If, as 1s: customary, an indicatlon range
of 12 dB is désired, a quadratlc rectiflcatlen relationship is
réquired.over a range of 32 dB 1n all. However, extrémé.éfforts
aré'reqﬁiréd'to.déSign cuStomary;Quadratic.féCtifiers:for such a
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large reglon. The resulting outpﬁtzvoltages.will be very small.
They cannet directly modulate a measuring instrument, but must
first be d.c. amplifiled.

This problem alsc applies to all root-mean-sqguare vacuum-tube
voltmeters, as long as very peaky voltages are used for the measure-
ment. In using root-mean-square measuring devices, we must first
ascertaln the maxlimum peak/effective~valie ratioat which such
measuring devices are usabléw. As for loudness level meters, 1t
appears that sometimes the manufacturers are not sufficlently
informed about the existing requirements or, knowing the require-
ments, simply supply what they can based on economic consideratiens,
without disclesing the limitations. The DIN provisions do not.

touch upon this problem.

As for the indicator circuit of loudness level meters, for
"true-to-hearing" evaluation of the amplitude statistics of noilses,
the previously discussed preoposal-that, instead of the effective
value, a specific value between this root-mean-square value and
the peak value must be measured, considerably reduces the reguire-
ment relative to the reserve for the quadratic characteristiec
curve. Investigated on this basis, extremely peaky noise forms
show that there will only be a difference of about 10 dB between
the peak value and the correct loudness measurement to be indicated,
so that, for full deflection of the indicator, the amplifier and
the range of quadratic rectification have to be overdesigned by
only 10 dB. Hence, with the indication range of 12 dB, squaring
is only required over about 20 dB. Such a range can easlly be
achieved with customary quadratic units, and this increases the
output. voltage by a factor of 2Q.

5. Summary

The simulation of dynamlce h&aring propertiés:is,of intéréSt.
In the development of objective loudness level meters and psophometers.
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Recently, investigations on the inertlal property of the ear have
been published, viewing the ear as an inektial unit with a time
constant of 23 msec for acoustic power. These studles were con-
ducted at wvarious freguencies and there was no evidence to
indicate that the inertia of the ear was frequency-dependent.

In making such proposals for simulating the dynamic hearing
properties in objective loudness level meters the question arose
of the level-dependence of the lnertia of the ear.

The studies reported in this article should assist In clarify-
ing this problem. TIn comparison with previous studies, a refined
measuring technique was employed. In order to eliminate any
measurement errors due to the different duration ratios of the
short tones presented for measurement in subjective loudness
comparisons, the duration ratios always had the value 1:2. More-
over, any possible influence on loudness perception due to the
spectra of various widths resulting from the variable durations of
the short tones was suppressed by an appropriately chosen band
limitation. At the sound levels 30, 50, 70, and 90 dB, a loudness
tigse law as a functlon of tone duration was derived from the
judgements on perceived loudness of the short tones. It was found
that the rise laws obtalned at different levels were identical,
and this the inertia of the ear was independent of level at least
between the sound levels 30 and 90 dB. This observation justified
developing a uniform loudness rise law from the entire collection
of Judgements with expectations of great accuracy. The discussion
of the behavior of the curve showed that it was not purely
exponential and thus could net be completely described with a
single time constant. A single number can be used to describe
the loudness rise law in goed approximation when, as found earlier,
the curve is compared wlth an exponential function with a time
constant of 23fmsec,for.acoustic”power. It thé'&oudnESS'rise law
ts split into several subreglons, better agreement is obtained
for very short sound processes when a time constant pf'abOut 15
msec islémployed; For relatively long-lasting sound procéSses, on
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the other hand, the approximation with a time constant of 30 msec
is more faverable.

For simple simulation of the dynamlc hearlng properties in
loudness level meters and psophométérs,'the given mean time constant
of 23 msec is recommended. Since the differences are positive and
negative, it can be estimated that for practical noise forms, there
will be only errors on the order of 1 dB. A comparison with the
results of Steudel's measurements on the loudness decay process
shows that considering the ear as &n Inertial closed system also
correctly describes the decay process wilth the proposed tlme /152
constant. Thls observation permits a general formulation of the
Inertial property of the ear, which can be expressed by a differ-
ential eguation.

To utilize electrically the inertial property described by
the differential equation in the development of loudness level
meters and noise meters, two circuits are propesed. The input
proportional to acoustic pressure must be squared, and then
passed through a RC unit with t ., = 23 msec. The peak value

o)
of the resulting output is then indicated.
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